Biosolids deep-row incorporation (DRI) provides high levels of nutrients to the reclamation sites; however, additions of N in excess of the vegetation requirements can potentially impair water quality. Th e eff ects of anaerobically digested (AD) and lime stabilized (LS) DRI biosolids and inorganic N fertilizer were compared on C and N transformations and transport at a reclaimed mineral sands mining site. Biosolids were applied at 213 and 426 Mg AD biosolids ha −1 and 328 and 656 Mg LS biosolids ha −1 (dry mass), and inorganic N fertilizer was applied at 0 (control) and 504 kg N ha −1 yr −1 . Zero tension lysimeters were installed to collect leachate for determination of vertical N transport, and the biosolids seams were analyzed for N and C transformations after 28 mo aging. Th e leaching masses from the DRI biosolids treatments were 139 to 291 kg ha for LS and AD biosolids, respectively. Our results indicated that entrenchment of biosolids in coarse-textured media should not be used as a mined land reclamation technique because the anaerobic conditions required to limit mineralization and nitrifi cation cannot be maintained in such permeable soils.
Biosolids deep-row incorporation (DRI) provides high levels of nutrients to the reclamation sites; however, additions of N in excess of the vegetation requirements can potentially impair water quality. Th e eff ects of anaerobically digested (AD) and lime stabilized (LS) DRI biosolids and inorganic N fertilizer were compared on C and N transformations and transport at a reclaimed mineral sands mining site. Biosolids were applied at 213 and 426 Mg AD biosolids ha −1 and 328 and 656 Mg LS biosolids ha −1 (dry mass), and inorganic N fertilizer was applied at 0 (control) and 504 kg N ha −1 yr −1 . Zero tension lysimeters were installed to collect leachate for determination of vertical N transport, and the biosolids seams were analyzed for N and C transformations after 28 mo aging. Th e leaching masses from the DRI biosolids treatments were 139 to 291 kg ha for LS and AD biosolids, respectively. Our results indicated that entrenchment of biosolids in coarse-textured media should not be used as a mined land reclamation technique because the anaerobic conditions required to limit mineralization and nitrifi cation cannot be maintained in such permeable soils. eep-row incorporation (DRI) technology is a biosolids land application method that provides a single application of nutrients suffi cient for a short rotation plantation of bioenergy crops, such as hybrid poplar (Populus deltoides× nigra L.), and has been especially adapted for reclaiming surface mined land (Taylor et al., 1978; Kays et al., 1997; Felix et al., 2008; Felton et al., 2008) . Deep-row incorporation involves placement of large volumes of biosolids in trenches that are immediately covered with overburden, eliminating odor problems and maintaining biosolids in a stable, anaerobic environment that reduces the transformation rate of nitrogen into soluble forms and leaching losses of nitrate (Kays et al., 1997) . Th us, DRI off ers a potentially environmentally benefi cial approach for utilizing high rates of biosolids to restore the productivity of surface mined soils.
Transformations of Nitrogen and Carbon in Entrenched Biosolids
Once biosolids are entrenched, release of N is controlled by mineralization and nitrifi cation. Mineralization generates ammonium, which is quickly transformed to nitrate under aerobic conditions (Kleber et al., 2000) and may be lost via leaching into groundwater if biosolids provide more N than can be taken up by the plants. Th e potential loss of N to the groundwater is highly dependent on organic matter decomposition rate, depth of groundwater level, soil porosity, and presence of low-permeability layer underneath the trenches, which would restrict leaching before the roots invade the trench and start active nutrient uptake (Sikora et al., 1980) . Application of high rates of biosolids to land with no actively growing vegetation typically results in high N leaching rates (Huser, 1977; Stehouwer et al., 2006) . Previous experiments on the DRI of biosolids were conducted on low-permeability soils, which reduced the transformations within the biosolids seam and lacked reliable lysimetric measurements of N leaching Felton et al., 2008) .
It was shown recently that entrenched biosolids leach high concentrations of ammonium into the vadose zone . Nevertheless, there is no information about the net eff ect on the N loss to the groundwater. Furthermore, no studies were conducted at the heavy mineral mining reclamation sites, mostly represented by the coarse-textured soils with shallow groundwater (Daniels et al., 1996) , which are the primary reclamation sites of interest in the mid-Atlantic Coastal Plain region. Th e changes in the net amounts and forms of N and C retained in the DRI biosolids have never been quantifi ed, and previous studies on the DRI biosolids Felix et al., 2008; provided much speculation about the possible benefi ts and environmental eff ects of the DRI. It is important to understand the C and N dynamics of the DRI biosolids to assess the potential of N for the groundwater quality impairment.
Our objectives were (i) to compare the eff ects of DRI biosolids type and rate and annual conventional fertilizer application on N leaching losses, (ii) to determine the eff ects of aging on the N and C dynamics in the DRI biosolids seams, and (iii) to determine the changes in net masses of biosolids C and N retained in the seams after 2 yr of entrenchment in a reclaimed mineral sands mining site.
Materials and Methods

Site Description
Th e study was conducted on a mineral sands (ilmenite and zircon) mine reclamation site in Dinwiddie County in Virginia (36°55′0.9336′′ N, 77°33′33.6636′′ W), located 50 km south of Richmond. Slagle (fi ne-loamy, siliceous, subactive, thermic, Aquic Hapludults), Myatt (fi ne-loamy, siliceous, active, thermic, Typic Endoaquults) and Roanoke (fi ne, mixed, semiactive, thermic, Typic Endoaquults) series originally covered the land before mining operations in this area. Postmining soil conditioning resulted from dewatering and sedimentation of sand and clay, physically separated during the mining process (Meredith, 2007) . Th e resulting strongly stratifi ed soil had two distinct particle-size fractions: a coarse-textured material (sand) consisting of 96.1% 50 to 2000 μm (sand), 2.0% 2 to 50μm (silt), and 1.9% < 2 μm (clay) and a fi ner-textured material (sandy clay loam) consisting of 50 to 2000 μm (sand), 8.6% 2 to 50 μm (silt), and 30.2% < 2 μm (clay) (Gee and Or, 2002) . Th e soil at the site was mostly represented by the sand fraction, which was overlaid by the 0.1-to 0.5-m layer of the sandy clay loam fraction. Th e sandy clay loam fraction was also present in fragmentary thin layers in the sand seam. Th e seasonal water table on the site fl uctuated between 1.5 and 4 m from the soil surface (Orndorff , personal communication, 2006) .
Field Experimental Design
Th e six treatments were two DRI biosolids rates for each of anaerobically digested (AD) and lime stabilized (LS) biosolids and two inorganic fertilizer rates. Th e treatments were each replicated four times and arranged in a randomized complete block design. Each treatment plot was 6 m wide by 15 m long and contained two trenches for application of biosolids or fertilizer with a row spacing (center-to-center) of 3 m. Th e trenches were 75 cm deep and either 45 cm (low rate) or 90 cm (high rate) wide.
Biosolids were delivered to the site and placed in the trenches previously excavated with a backhoe in June (AD) and July (LS) 2006. Th e LS biosolids were obtained from Blue Plains Wastewater Treatment Plant, Washington, DC, and were processed by lime stabilization (USEPA, 2000) . Th e AD biosolids were obtained from Alexandria Sanitation Authority, Alexandria, VA, and were processed by anaerobic digestion (USEPA, 2006 (Donohue and Heckendorn, 1994) . Fertilizer N was applied annually in three applications in March, April, and May 2007 in the form of ammonium nitrate, and two applications in April and May 2008 in the form of urea. Muriate of potash and TSP were applied annually with the fi rst fertilizer N application. Th e 504 kg N ha −1 yr −1 rate was applied to exceed the annual N uptake previously reported for hybrid poplar up to 404 kg N ha −1 yr −1 (National Agroforestry Center, 2000) . Th e fertilizer treatment was designed to compare the eff ects of high rates of conventional fertilization and the biosolids DRI on tree growth and N leaching.
We planted German millet [Setaria italica (L.) P. 
Leachate Sampling and Analysis
Zero tension lysimeters were constructed from plastic drainage pipe sealed with a cap at one end and measuring 25 cm in diameter and 51 cm in length. Th e lysimeters were fi lled with coarse-textured sand from the mine site, and the top rim of the lysimeters were placed 15 cm below the bottom of each biosolids-fi lled trench and 120 cm below the surface of one of the two rows in each fertilizer treatment plot, resulting in a total of 40 zero tension lysimeters. Installation of the zero tension lysimeters was conducted in June and July 2006 just before biosolids entrenchment. Th e overall biosolids seam instrumentation and dimensions are schematically shown in Lasley et al. (2010) . Th e lysimeters were evacuated via Kynar tubing (Kynar, Philadelphia, PA) by pumping leachate with an electric pump to the surface. Lysimeter leachate was evacuated at least monthly for 30 mo between July 2006 and December 2008. Th e leachate volume was measured with a graduated cylinder, and a subsample was placed in the high density polyethylene bottles and frozen with dry ice until thawing for laboratory analysis. Leachate pH was determined in the fi eld with a portable HI 9023 pH meter (HANNA Instruments, Woonsocket, RI).
Dissolved nitrate (NO 3 -N) and ammonium (NH 4 -N) were analyzed following fi ltration of leachate through 0.45-μm Millipore fi lters (Millipore, Billerica, MA). Total Kjeldahl N (TKN) was determined in unfi ltered leachate samples via acid digestion. Analysis for N forms was conducted colorimetrically by fl ow injection analysis on Lachat 8000 (Lachat Instruments, Loveland, CO) following standard USEPA procedures (USEPA, 1979) . Organic N was determined by the diff erence between TKN and NH 4 -N.
Oxidation-Reduction Potential Measurement
Redox potential (Eh) was measured by insertion of platinum (Pt) redox electrode at the 30-cm depth from the surface of the biosolids seam or 60 cm from the soil surface and using a silver chloride reference electrode with single annular junction 
Biosolids Core Study
We sampled biosolids from one of two seams in each of the treatment replications on 27 October 2008 after 27 and 28 mo of biosolids entrenchment for the LS 90 cm and AD 90 cm treatments, respectively. Biosolids cores measuring 12.5 by 12.5 by 12.5 cm were collected from the edge of the trench (0-5 cm from the side of the trench) and in the trench center (45 cm from the side of the trench) at 0-to 25-cm, 25-to 50-cm, and 50-to 75-cm depths after exposing the seams using a backhoe to excavate and carefully brushing away soil adjacent to the biosolids. Sampling of six cores from each seam resulted in 24 cores for each of the aged anaerobically digested (AD a ) and lime-stabilized (LS a ) biosolids treatments. Th e biosolids seam depth was measured to account for shrinkage of the material due to aging eff ects, such as dewatering and decomposition. Th e cores were stored at 4°C until analyzed. Samples of anaerobically digested (AD f ) and lime-stabilized (LS f ) biosolids collected "fresh" at the time of the biosolids entrenchment and stored in the freezer at −20°C were thawed and included and chemically analyzed to compare with the aged biosolids to determine the eff ects of aging.
Bulk density of the aged biosolids cores was determined by weighing subsamples of the cores after drying at 65°C for 48 h. Th e pH was measured in suspension of 1:2.5 (g/v) with an Orion PerpHecT logR Benchtop meter (Th ermo Scientifi c, Waltham, MA). Redox potential was measured by insertion of one platinum (Pt) redox electrode in the center of each biosolids core and using the same reference electrode and multimeter as described above. Wet subsamples from the biosolids cores were analyzed for NO 3 -N and NH 4 -N colorimetrically in a 2-M KCl extraction, and TKN was determined in the Kjeldahl digests (USEPA, 1979) . Organic N was calculated as a diff erence between TKN and NH 4 -N. Total organic C was determined in the air dried biosolids by dry combustion on VarioMax CNS analyzer (Elementar, Mt. Laurel, NJ). Carbonates (CO 3 2− -C) were calculated as the diff erence between organic C and total C in 0.1-M HCl treated and original samples of DRI LS biosolids according to the procedure described by Hedges and Stern (1984) . Determinations of bulk density, moisture content, and redox potential on the fresh AD and LS biosolids were conducted by the methods described above at the time of sampling in June and July 2006, respectively.
Statistical Analysis
Mean values and the standard errors for each variable were calculated. Analysis of variance was performed to test the treatment and time eff ects of the biosolids and the fertilizer treatments on leaching of N forms into lysimeters and leachate pH using SAS mixed procedure (SAS Institute, 2008) . Th e spatial power covariance structure was selected for the time series analysis to meet the convergence criteria of the model. Th e leaching concentrations data were log transformed to meet the normality assumption of statistical analysis. Th e tests of time and treatment eff ects were conducted to determine the validity of time and treatment eff ects on the N concentrations in leachate. Diff erences of least squares means test was also executed as a part of the mixed model analysis (full data set not shown due to its size) to determine signifi cant treatment diff erences at all sampling times. Th e treatment eff ects on the N leaching masses were analyzed with analysis of variance and Tukey multiple comparisons test using the general linear model procedure in SAS (SAS Institute, 2008) .
Th e mean values for each DRI biosolids seam characteristic and standard errors were calculated for every treatment and depth combination. Th e data were log transformed to meet the normality assumption of statistical analysis. Th e infl uence of the trench depth on the biosolids characteristics for each of the biosolids type was analyzed using a split-plot design with treatment as a main plot factor and depth as a subplot factor in the mixed procedure (SAS Institute, 2008) . Diff erences of least squares means procedure was used to determine signifi cant treatment eff ects at each depth and treatment combination. Th e cumulative masses of C and N forms, biosolids mass and volume were calculated using the measured bulk densities. Means and standard errors were calculated for each treatment. A Tukey multiple comparisons procedure was used to distinguish diff erences between the treatments in randomized complete block design using the general linear model procedure (SAS Institute, 2008) . Normalized organic C (%), organic N (g kg −1 ), TKN (g kg −1 ), moisture content (%), and bulk density (kg m −3 ) values from the biosolids cores were analyzed by stepwise multiple regression by the REG procedure (SAS Institute, 2008) to determine to what extent they could explain the variation in redox potential within the DRI biosolids. Th e fraction of organic N remaining in the aged biosolids was regressed via forward multiple regression in the REG procedure (SAS Institute, 2008) on the C/N ratios to determine if decrease in organic N accompanied by mineralization is refl ected by C/N ratios in the DRI biosolids.
Results and Discussion
Leaching of Nitrogen
Deep-row biosolids incorporation and conventional N fertilization resulted in high concentrations of N in the soil leachate. During the period from July 2006 to December 2008, signifi cant treatment by time interactions were shown for NO 3 -N (P < 0.0001) and NH 4 -N (P = 0.0247) concentrations in leachate. Th e concentrations of organic N in leachate signifi cantly changed with time (P < 0.0001). Th e lack of signifi cant treatment eff ects on organic N leaching (P = 0.7247) was likely a result of high variability in data that infl ated the variance and decreased eff ect signifi cance. Increased concentrations of organic N in leachate from the DRI biosolids treatments during the fi rst several months following entrenchment are visually apparent otherwise.
Leaching of Nitrogen from the DRI Biosolids
Th e concentrations of NO 3 -N, NH 4 -N, and organic N in leachate from the DRI biosolids changed with time (P < 0.05, Fig. 1, 2, 3 ) due to progressive mineralization and nitrifi cation within the biosolids seams. Signifi cant treatment eff ects of NH 4 -N leaching were detected immediately after the biosolids incorporation, starting July 2006 (P < 0.0001). Diff erences of least squares means test among treatments showed signifi cantly higher NH 4 -N leaching (P < 0.05) for the both rates of AD and LS biosolids treatments than the control during the period from July 2006 to June 2007. Th is was a result of NH 4 -N release, which was initially present in the biosolids (Table 1) (Fig. 2) during the same period. Similar eff ects of high NH 4 -N and organic N in leachate within the fi rst year following application were found in other studies utilizing high biosolids rates (Bugbee and Elliott, 1999; Felton et al., 2008; Peckenham et al., 2008) . Relatively higher levels of organic N in the leachate from the LS treatments compared with AD treatments are consistent with the fi ndings of Curtin et al. (1998) , who showed increased release of organic N susceptible to hydrolysis in soil after Ca(OH) 2 additions (Curtin et al., 1998) .
In July to October 2007, the concentrations of NH 4 -N and organic N in leachate from the DRI biosolids decreased to 3 to 25 mg L −1 and 1 to 4 mg L −1 , respectively. Th is was likely due to increase in temperatures and aeration status of the biosolids seams, which increased the rate of mineralization and nitrification, as concentrations of NO 3 -N were in the range of 59 to 227 mg L −1 for the DRI biosolids treatments during that period. Ammonium leaching from the DRI biosolids treatments slightly increased during spring 2008, showing significant treatment eff ects in March and May 2008 (P < 0.0001), and was maintained within the range of 3 to 91 mg L −1 for the rest of the study. Th ese levels of NH 4 -N were, however, signifi cantly (P < 0.05) lower than the NH 4 -N levels during the fi rst year following entrenchment, and the general trend of NH 4 -N, as well as organic N, was downward.
Leaching of NO 3 -N signifi cantly increased in AD and LS treatments compared with the control shortly after the biosolids application in August 2006 (P < 0.0001). Th is was similar to other studies on surface application of high biosolids rates and biosolids entrenchment (Huser, 1977; Sikora et al., 1978; Daniels and Haering, 1994; Stehouwer et al., 2006; . However, the magnitude of NO 3 -N leaching was higher compared with the biosolids trenching study by Felton et al. (2008) , likely due to higher aeration status of the biosolids seams in the coarse-textured soils which favored nitrifi cation. Signifi cantly lower (P < 0.0001) concentrations of NO 3 -N leached from AD compared with LS treatments during the period of September to December 2006. Th e mean concentrations of NO 3 -N in leachate from the LS treatments were as high as 155 mg L −1 , while NO 3 -N levels in the AD treatments were only 22 mg L −1 during that period ( to 628 mg L −1 throughout the period of the study (Fig. 2 ) and were not signifi cantly diff erent with time (P = 0.6099). Th e elevated concentrations of NO 3 -N were possibly due to high application rates of ammonium nitrate and urea that could not be assimilated by the trees and leached into groundwater (Jarvis et al., 1989; Lee and Jose, 2005) . (Fig. 2) . Th e lack of statistical diff erence was likely a result of high variability in data. Th e peak of organic N concentrations in summer 2007 was an indication of N transport from the adjacent biosolids plots, similar to such eff ect in the unfertilized control. Th e short-lived peaks of organic N in leachate from the fertilizer treatments, though indicating the presence of lateral fl ow, were low in their magnitude and demonstrated that even with extremely high DRI biosolids rates in the adjacent treatments, lateral movement of N was limited.
Leaching of Nitrogen from the Fertilizer Treatments
Th e elevated concentrations of NO 3 -N and NH 4 -N in leachate from the 504 kg N ha −1 yr −1 treatment following fertilization with ammonium nitrate in 2007 is in agreement with the results of Paramasivam et al. (2000) , who found that most of ammonium and nitrate left the sandy soil within several months following application. Th e lack of NH 4 -N leaching response following urea application in 2008 was likely due to nitrifi cation that resulted in little NH 4 -N accumulation and high NO 3 -N leaching (Raison et al., 1990) . Increased NO 3 -N leaching following conventional N fertilization was also consistent with the fi ndings of Lee and Jose (2005) , who detected >10 mg L −1 NO 3 -N leaching from the cottonwood (Populus deltoides Marsh.) plantation from the liquid application of combined urea and ammonium nitrate at the rates of 112 and 224 kg N ha −1 yr −1 .
Leachate pH
Leachate pH was signifi cantly aff ected by the treatments (P < 0.0001) and signifi cantly changed over time (P < 0.0001). Leachate pH was reduced by biosolids (P < 0.0001) from 8.2 to as low as 4.5 by October 2007 but not by inorganic fertilizer (P > > 0.5), whose pH remained between 6.0 and 7.7. Nitrifi cation likely decreased pH in the leachate from biosolids treatments by generating protons (Qureshi et al., 2003; Peckenham et al., 2008) . We did not fi nd any signifi cant differences between leachate pH of the AD and LS biosolids treatments with time.
Oxidation-Reduction Potential in the Biosolids Seams
Redox potential in the biosolids had signifi cant treatment by time interaction (P < 0.0001). Th e Eh changed with time in the AD 90-cm and LS 90-cm biosolids seams (P < 0.0001) but not in the control (P = 0.8224). No signifi cant diff erences between Eh in AD 90-cm and LS 90-cm occurred during August 2006 to August 2007, when Eh ranged between −13 to 220 mV in both of the DRI biosolids. By the fi nal sampling date in December 2008, the AD 90-cm had dewatered to such an extent that its Eh increased to 276 mV, while the LS 90-cm was still low (−250 mV). Th e Eh of both biosolids treatments was signifi cantly lower than the control. Lower redox potential in LS 90-cm was possibly a result of higher pH (Carbonell-Barrachina et al., 2000) and dispersion of the biosolids, which could have decreased macroporosity and aeration. Th e redox potential measured in AD 90-cm in December 2008 was adequate for oxidation of Mn and Fe and for nitrifi cation (Masscheleyn et al., 1990) .
Leaching Masses of Nitrogen
Both LS and AD treatments resulted in signifi cant amount of NO 3 -N, NH 4 -N, and organic N leaching below the biosolids seam (Table 2 ). Because N leaching originally occurred mostly as NH 4 -N and organic N, these forms combined to represent about 50% of the N leached. Th ere were no signifi cant diff erences in the amounts of N forms leached between the biosolids type and rate treatments. Th e amount of N lost from the DRI biosolids via leaching as detected by zero tension lysimeters in July 2006 to December 2008 was 261 to 803 kg N ha −1
, which was approximately 3% of the N applied. Th is value is 40% of the leaching masses from the land applied biosolids at the rate of 134 Mg ha −1 (Stehouwer et al., 2006) . Th e amount of N leached from the DRI biosolids also exceeded the optimum N uptake rates by a 2-yr-old hybrid poplar plantation planted at a density of 10,000 trees ha −1 by 2.3 to 4.8 times (Hansen et al., 1988) . Despite the high concentrations of NH 4 -N, organic N, and NO 3 -N in the leachate from the 504 kg N ha −1 yr −1 treatment ( Fig. 1, 2, 3) , the leaching masses were not signifi cantly diff erent from the unfertilized control (Table 2 ) and were significantly lower than from the biosolids treatments. Th is probably occurred due to uptake of N present in the soil in excess of hybrid poplar requirements by weeds and losses due to NH 3 volatilization.
DRI Biosolids Physical Characteristics, Carbon and Nitrogen Changes
After 2 yr of biosolids entrenchment, the DRI biosolids seams decreased in volume by 24 to 27% on average for LS a and AD a , respectively (Fig. 4) . Th e DRI biosolids mass signifi cantly decreased by 77 Mg ha −1 , on average, for the LS a biosolids. Th e decrease in total C and total N was most pronounced for the LS a and was also signifi cant for the AD a . Lime-stabilized DRI biosolids lost 81 Mg ha −1 organic C and 15.2 Mg ha −1 total N, which constituted 40 and 50% of C and N original loading rates, respectively. Anaerobically digested biosolids lost 33 Mg ha −1 organic C and 10.9 Mg ha −1 total N, which was 25 and 48% of C and N original loading rates, respectively. Th e amounts of N and C sequestered by hybrid poplar were 3.20 ± 0.54 Mg C ha −1 and 71 ± 12 kg N ha −1 on average during the same period (Kostyanovsky et al., unpublished data).
Depth aff ected pH, Eh, bulk density, moisture content, NH 4 -N, NO 3 -N, and organic C in the DRI biosolids seams (Table 3) . Th e LS f biosolids had a pH of 12.5 due to treatment with lime, which likely suppressed microbial activity and decomposition rate compared with the AD f biosolids. With aging, the pH of AD a had decreased at the edges and in the top of the biosolids seams. Lime-stabilized DRI biosolids had neutral pH values in the upper part and a pH of 9.4 to 10.4, on average, throughout the rest of the seams. Th e AD f biosolids had higher moisture content and lower bulk density than the LS f biosolids. Th e distribution of those properties followed the similar pattern for AD a and LS a treatments. Th e edges of the AD a and LS a seams were most dewatered and had signifi cantly higher bulk density compared with the centers of the seams. Th e AD a maintained higher moisture content and lower bulk density in each depth increment compared with the LS a .
Organic C concentrations in the AD a were 25% lower than the AD f biosolids. No signifi cant diff erences with depth were detected for the AD a biosolids. Organic C also decreased in the LS a compared to the LS f biosolids. Organic C in the LS a decreased at 0-to 25-cm depths and at 50-to 75-cm depths at the edges of the seams by 45% compared with the LS f biosolids. Organic C also decreased at 25-to 50-cm and 50-to 75-cm depths in the centers of the seams in the LS a treatments by 15% compared with the LS f . Inorganic C (as carbonate) was detected at all depths of the LS a treatment. Th e lack of statistical diff erence in inorganic C concentrations with depth was indirect evidence that air (CO 2 ) could penetrate through LS biosolids seams forming carbonates.
Th e concentrations of organic N decreased in the aged compared with the fresh biosolids for both AD a and LS a . Organic N was evenly distributed in the AD a biosolids. Th e upper part of the LS a seam and the edges also had signifi cantly lower concentrations of organic N compared to the center of the seam. Th e concentrations of NO 3 -N signifi cantly increased in AD a at all depths, compared with the AD f biosolids. Th e NO 3 -N concentrations were also signifi cantly higher in the AD a than in the LS a treatments. Th e concentrations of NH 4 -N increased in LS a at the 50-to 75-cm depth in the edges of the seams compared to the original biosolids. Th e concentrations of NH 4 -N signifi cantly decreased in the AD a treatment at all depths except the center of the seam, compared with the original biosolids. Th e C/N ratios were mostly similar to those in original biosolids, except for the center of LS a , which was higher than LS f . Th is is likely because the centers of LS a were organic N, total N) and square root transformed (NO 3 -N) data. ‡ AD, anaerobically digested; LS, lime-stabilized.
least aff ected by decomposition and tended to have higher C levels than the rest of the seam.
Th e percentage of organic N lost via leaching was approximately 1% of the entire N loss (Table 2, Fig. 4 ), which indicates that most N lost was mineralized and nitrifi ed. Th e fraction of organic N lost from the DRI biosolids seams was calculated by subtracting the concentration of organic N remaining from the organic N in the original biosolids and dividing it by the organic N in the original biosolids. Th e fraction of organic N lost from the biosolids regressed on C/N ratios for AD a and LS a resulted in significant fi t (P < 0.05, R 2 = 0.48). Previous research showed that N mineralization in the biosolids is related to increase in C/N ratios with time (Gilmour and Skinner, 1999; Parnaudeau et al., 2004; Parnaudeau et al., 2009) . Th is suggested that organic N loss from the DRI biosolids was strongly correlated with N mineralization. Th e total loss of organic N in the DRI biosolids was 41 and 58% for AD a and LS a , respectively. Th e loss of organic N, which was likely mineralized during 2 yr after entrenchment, was also comparable with the fi rst-year N mineralization level of 40% in land applied biosolids reported by Gilmour et al. (2003) .
Th e LS f biosolids had signifi cantly lower redox potential than the AD f biosolids. After 2 yr of entrenchment, the Eh for AD a indicated aerobic conditions everywhere within the seam except the 25 to 50 cm in the center with Eh of 219 ± 24mV, which is the lower level for nitrifi cation (Table 3) . Th e LS a treatment had redox potentials as low as 24 ± 35mV within the 25-to 50-cm and 50-to 75-cm depths of the seams, which would be expected to maintain Fe as Fe(II) (Masscheleyn et al., 1990) . Stepwise multiple regression was performed to identify the factors (organic C, organic N, TKN, NO 3 High organic C concentrations were associated with low redox potentials in the seams of the LS biosolids. Redox potentials of +300 mV and +250 mV are at the upper boundaries of CH 4 emissions and denitrifi cation in the forest soils (Yu et al., 2006) ; therefore, signifi cant greenhouse gas production from the DRI biosolids is expected (Kostyanovskiy, 2009 ). Lime-stabilized biosolids resulted in the highest losses of organic C, possibly as a result of their increased labile organic matter susceptible to mineralization or leaching (Curtin et al., 1998) . We did not measure absolute carbon losses from the DRI biosolids, but increased CH 4 and CO 2 emissions were detected in spring 2009 from the LS a treatments (Kostyanovsky et al., unpublished data). Th is was possibly a result of high amounts of labile organic matter from the DRI biosolids present in the soil surrounding the seams.
Increased redox potentials and signifi cant losses of NO 3 -N and NH 4 -N in the biosolids (Table 3) were indicative of mineralization and nitrifi cation in the seams. Previous research demonstrated signifi cant leaching of NH 4 -N, NO 3 -N and organic N from the DRI biosolids . Peckenham et al. (2008) also showed high TKN (sum of NH 4 -N and organic N) concentrations in the leachate from stock-piled biosolids. Th is indicates that increased redox potential and the aeration status of the biosolids seams is not the only condition for release of N that poses groundwater-quality risks. Data show that dissolved organic N can leach to adjacent soil, where pH and Eh conditions promote mineralization and nitrifi cation and pose groundwater-quality risk van Kessel et al., 2009 ). We also measured high N 2 O emissions from the biosolids seams (Kostyanovsky et al., unpublished data). However, combined N leaching and emissions of N 2 O accounted for only 6.4% of the N lost from the LS a and 10.8% of the N lost from the AD a , as calculated from our seam analyses. Some of the unaccounted N loss may have occurred via lateral fl ow, which we were not able to quantify with zero tension lysimeters. Dinitrogen gas may also have been one of the denitrification products, but we did not measure N 2 . We also expect some N loss via ammonia volatilization, which was shown to remove up to 50% of total N from landfi ll bioreactors (Berge et al., 2005) .
Conclusions
Our results demonstrate that the DRI biosolids in the coarse-textured soils underwent signifi cant decomposition of organic matter and N mineralization and nitrifi cation after 2 yr of entrenchment, which resulted in prominent pH decrease and compaction in the edges of the biosolids seams. Close to 90% of N lost from the DRI biosolids seams was unaccounted and either lost to denitrifi cation as N 2 , ammonia volatilization, or leached into groundwater unaccounted by zero tension lysimeters. Th e study indicated that leaching of N may not be a major pathway of N loss from the DRI biosolids. However, sandy mining site reclamation with deep-row application of biosolids poses far greater risks to groundwater quality than conventional fertilization due to N leaching, initially as NH 4 -and organic N and later as NO 3 -N. Th e DRI biosolids in coarse-textured soils resulted is more N leaching due to extensive nitrifi cation compared with the fi ne-textured soils in the study by Felton et al. (2008) . Our results indicate that deep-row incorporation of biosolids in coarse-textured media should not be utilized as a mined land reclamation technique because the anaerobic conditions required to limit mineralization and nitrifi cation cannot be maintained in such permeable soils. .5 ab † Anaerobically digested (AD f ) and lime-stabilized (LS f ) biosolids sampled at biosolids entrenchment and frozen, and the DRI anaerobically digested (AD a ) and lime-stabilized (LS a ) biosolids from the seams after 2 yr from incorporation in October 2008. ‡ Eh, redox potential; ρ b , bulk density. § Means followed by the same letter in each column are not signifi cantly (P < 0.05) diff erent.
